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Edited by Ulf-Ingo Flu¨ggeAbstract atToc33 is a transit peptide receptor of the chloroplast
outer envelope membrane, and possesses GTPase activity. In vi-
tro, its transit peptide- and GTP-binding properties are abro-
gated by its phosphorylation at serine 181, which was proposed
to represent an important regulatory mechanism. We mutated
S181 to alanine (to prevent phosphorylation), and to aspartate
and glutamate (to mimic the eﬀects of phosphoserine), and ex-
pressed all three proteins in ppi1 (atToc33 knockout) plants using
the native promoter. The mutants complemented ppi1 with equal
eﬃciency in respect of all criteria tested, including protein import
eﬃciency and light stress tolerance. The data suggest that at-
Toc33 phosphorylation may not play an important role in vivo.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In plants, plastid development is dependent upon the import
of up to 3000 diﬀerent nucleus-encoded proteins. These pro-
teins are synthesized in precursor form, each one bearing an
amino-terminal extension, or transit peptide. The transit pep-
tide directs the targeting of the preprotein to the organelle,
and is removed upon arrival in the stroma. Translocation across
the double envelope membrane system that surrounds each
plastid is mediated by the coordinate action of protein import
machines called TOC and TIC (for translocon at the outer/inner
envelope membrane of chloroplasts) [1–4]. The key functions of
the TOC complex are preprotein recognition, mediated by the
receptors, Toc159 and Toc34 [5–8], and outer membrane con-
ductance, mediated by the beta-barrel protein, Toc75 [7,9].
The Toc159 and Toc34 receptors are related GTPases, and are
thought to function by interacting directly with the transit pep-
tides of incident preproteins [10,11], although the order in which
they act and their precise mode of action remain unclear [2,12].
There is substantial evidence that the ability of Toc34 to
bind a transit peptide is strongly inﬂuenced by its nucleotide
status [10,13–15]. It is thought that the receptor binds the tran-
sit peptide when in the GTP-bound state, and that peptide
binding stimulates GTP hydrolysis. This yields the lower-aﬃn-
ity, GDP-bound form of Toc34, allowing the preprotein to dis-
associate and progress to the next stage of the translocation
pathway [4]. Interestingly, in vitro studies showed that Toc34*Corresponding author. Fax: +44 116 252 3330.
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envelope membrane, and that such phosphorylation strongly
interferes with the receptor’s ability to bind GTP [13,15,16].
Since transit peptide binding is dependent upon GTP binding,
phosphorylation was also found to inhibit preprotein binding
by the receptor. This suggests an intriguing regulatory circuit,
which might allow the activity of the Toc34 receptor to be con-
trolled in accordance with cellular and organellar require-
ments. Such a hypothesis is of particular interest when
considered in conjunction with other data which indicate that
plastid protein import is regulated in response to developmen-
tal and environmental cues [17–19].
In Arabidopsis thaliana, there are two Toc34-related recep-
tors, referred to as atToc33 and atToc34 according to their
predicted molecular weights [20]. Of these, atToc33 is the most
abundantly expressed isoform, and so is thought to be the di-
rect functional equivalent of the originally-identiﬁed Toc34
protein from Pisum sativum (called psToc34). Interestingly,
in vitro phosphorylation studies similar to those carried out
on psToc34 (described above) revealed that atToc33 can also
be phosphorylated [21]. By contrast, atToc34 was not phos-
phorylated, suggesting that the two Arabidopsis isoforms are
diﬀerentially regulated. This is an intriguing possibility, espe-
cially since atToc33 and atToc34 have been proposed to act
in diﬀerent import pathways that possess a degree of substrate
speciﬁcity [22,23].
The psToc34 and atToc33 proteins are both phosphorylated
exclusively at a single serine residue [13,21]. The psToc34 phos-
phorylation site is serine 113, located in the switch 1 region of
the GTPase domain, an area responsible for triphosphate bind-
ing. Accordingly, GDP-bound psToc34 was more readily phos-
phorylated than the GTP-bound protein [13]. In atToc33, a
glycine residue is present at the site corresponding directly to
S113, precluding phosphorylation at an equivalent position. In-
stead, phosphorylation occurs at serine 181, which lies within a
short, conserved motif also present at the psToc34 phosphory-
lation site. Phosphorylation at this site was proposed to cause
more general disturbances in the GTPase domain, perhaps
aﬀecting three of the ﬁve motifs (G1, G4 and G5) that contact
the bound nucleotide [21]. Phosphorylation of both proteins
was completely abolished upon mutation of the determined
phosphorylation site to alanine, eliminating the possibility of
phosphorylation site ﬂexibility or alternative phosphorylation
sites.
While psToc34 has been shown to exist in a phosphorylated
state in situ in isolated chloroplasts [13], the functional signif-
icance of receptor phosphorylation has not been assessed in an
in vivo context. In the present study, we addressed this issue byblished by Elsevier B.V. All rights reserved.
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complement the Arabidopsis atToc33 knockout mutant, plastid
protein import 1 (ppi1) [20].2. Materials and methods
2.1. Plant growth conditions
All A. thaliana plants were of the Columbia-0 ecotype. In vitro and
on-soil plant growth conditions were as described previously [24].
When necessary, 110 lg/ml (w/v) gentamycin sulphate (Duchefa, Haar-
lem, The Netherlands) or 50 lg/ml (w/v) kanamycin monosulphate
(Melford Laboratories Ltd., Ipswich, UK) was included in the
in vitro growth medium.
For the light stress experiments, plants were grown under standard
in vitro conditions for seven days, and then subjected to light stress
treatment as follows: day 7, 30 min strong light (1800 lmol/m2/s); days
8 and 9, 60 min strong light; days 10 and 11, recovery; days 12 and 13,
60 min strong light (between all treatments, plants were returned to
standard conditions). Chlorophyll measurements were made on day
14 after one further day of recovery [25,26].
2.2. Generation of the S181 mutant constructs and transgenic lines
The mutations were introduced into the intact atTOC33 gene in
pUC::Toc33g [25] by overlap extension PCR using the following pri-
mer pairs: A1 (5 0-TAGAGTCGATGAGCTAGATAAGC-3 0) with
A2 (5 0-TGATCTCTTGGAGGAAAAAGTTTCGTAGGA-3 0); and
B1 (the mutagenic primer) with B2 (5 0-CCTCTTCTTCAGAGCCTC-
TTAAA-3 0). The B1 primers used were: for S181A, 5 0-TCCTC-
CAAGAGATCAGATGCACTCCTCAAAACT-3 0; for S181D,
5 0-TCCTCCAAGAGATCAGATGACCTCCTCAAAACT-3 0; and
for S181E, 5 0-TCCTCCAAGAGATCAGATGAACTCCTCAAAA-
CT-3 0. The mutant constructs were introduced into pPZP221 and used
to transform ppi1 Arabidopsis plants by ﬂoral dipping [25,27]. Trans-
genic plants were selected by plating the T1 generation on medium con-
taining gentamycin and 200 lg/ml (w/v) cefotaxime sodium. ToTable 1
Segregation of the gentamycin-resistance, kanamycin-resistance and ppi1 ph
Genotype No. Antibiotic Antibiotic resistant
Green (WT-like) Pale
ppi1, S181A 2 Gentamycin 195 0
4 171 0
5 75 0
7 77 0
ppi1, S181D 2 213 0
5 111 0
6 103 0
7 62 0
ppi1, S181E 1 106 0
2 101 0
3 100 0
ppi1, S181A 2 Kanamycin 35 10
4 38 12
5 72 15
7 43 10
ppi1, S181D 2 64 4
5 56 20
6 51 14
7 57 17
ppi1, S181E 1 99 32
2 107 41
3 130 39
aGoodness of ﬁt of the observed ratios to 3:1 (indicating the presence of a
independent T-DNA loci; S181D-2 only) was assessed by v2 analysis. P-values
to random chance only.conﬁrm the presence of the atTOC33 transgenes, DNA isolated from
T2 seedlings was analysed by PCR using the transgene-speciﬁc primers,
C1 (5 0-GGTCTCTCGTTCGTGAATGG-3 0) and B2; the presence of
the mutations was conﬁrmed by sequencing the PCR products.
2.3. Electron microscopy
Transmission electron microscopy was carried out essentially as de-
scribed previously [28]. Plant tissue was ﬁxed with a buﬀered parafor-
maldehyde/glutaraldehyde mixture, and post-ﬁxed with buﬀered
osmium tetroxide containing 1.5% (w/v) potassium ferricyanide.
Washed samples were then stained en bloc with aqueous 2% (w/v) ura-
nyl acetate, washed, and dehydrated through an ethanol series. The
samples were then embedded in Spurr’s resin. Thin sections (approxi-
mately 70 nm) were cut from each sample, stained with lead citrate,
and observed using a JEOL 1220 electron microscope. These proce-
dures were carried out at the Electron Microscopy Laboratory, Fac-
ulty of Medicine and Biological Sciences, University of Leicester.
2.4. Chloroplast protein import assays
Chloroplasts were isolated from 14-day-old, in vitro-grown plants,
and used in protein import assays, as described previously [24]. Tem-
plate DNA for the in vitro transcription/translation of Arabidopsis
preSSU (ats1A; [24]) was ampliﬁed from a cDNA clone by PCR using
M13 primers. Transcription/translation was performed in a couple sys-
tem (TNT T7 Quick for PCR DNA; Promega, Madison, WI, USA)
containing [35S]-methionine according to the manufacturer’s instruc-
tions (Promega).3. Results and discussion
3.1. Identiﬁcation of the S181 mutant transgenic lines
The well-characterized atToc33 knockout mutant, ppi1, is
the ideal genetic background in which to study the eﬀects of
site-speciﬁc atToc33 mutations on the protein’s in vivo func-enotypes in T2 or T3 families
Sensitive Ratio v2-valuea P-valuea
(ppi1-like)
61 3.20 0.19 0.665
47 3.64 1.38 0.241
17 4.41 2.09 0.149
21 3.67 0.67 0.414
12 17.75 0.32 0.570
32 3.47 0.52 0.469
34 3.03 0.00 0.961
13 4.77 2.35 0.125
34 3.12 0.04 0.845
39 2.59 0.61 0.435
40 2.50 0.95 0.329
0 3.50 0.19 0.667
0 3.17 0.03 0.870
0 4.80 2.79 0.095
0 4.30 1.06 0.303
0 16.00 0.02 0.900
0 2.80 0.07 0.791
0 3.64 0.42 0.519
0 3.35 0.16 0.687
0 3.09 0.02 0.880
0 2.61 0.58 0.448
0 3.33 0.33 0.564
single T-DNA insertion locus) or 15:1 (indicating the presence of two
are the probabilities that the observed ratios diﬀer from 3:1 or 15:1 due
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at serine 181, we mutated this residue speciﬁcally to alanine,
aspartate and glutamate. The S181A mutation was shown to
abolish atToc33 phosphorylation in vitro [21], and so would
be expected to abrogate the proposed atToc33 regulatory cir-
cuit. By contrast, aspartate and glutamate have been shown
in numerous studies to eﬀectively mimic the electrostatic eﬀects
of phosphoserine [29–31], and so the S181D and S181E muta-
tions would be expected to lock atToc33 in an inactive, GTP-
free form [4]. All three mutations were introduced into a
genomic clone of the atTOC33 gene, without altering any of
the introns or the 5 0 and 3 0 regulatory regions, as described
previously [25], and were introduced into ppi1 Arabidopsis
plants using standard procedures. Several T1 transformants
were identiﬁed for each mutant, and these were allowed to
grow to maturity and produce seed.
Segregation analysis was conducted on the resultant T2 (or
T3) families, and data from representative lines are shown in Ta-
ble 1. Plating on gentamycin-containing medium revealed that
most of the transformants carry a single T-DNA insertion locus
(the T-DNA construct used carries the aacC1 gentamycin ace-
tyltransferase resistance marker); only S181D-2 carries two
T-DNA loci. Interestingly, all of the gentamycin-resistant,
transformed plants expressed a green, wild-type-like phenotype,
and none retained the pale, yellow-green appearance of the ppi1
progenitor. Plating the same families on kanamycin-containing
medium revealed no sensitive plants, strongly suggesting that all
of the lines are homozygous for the ppi1 mutation (the T-DNA
insertion in the atTOC33 gene conveys kanamycin resistance).
This indicates that the green phenotype observed on gentamycin
medium was not due to the loss of the ppi1 mutation, and in-
stead suggests that the mutant transgenes complement the
ppi1 phenotype. Consistent with this interpretation, both green
and pale plants were apparent on the kanamycin plates, segre-
gating with a ratio of 3:1 (or 15:1 in the case S181D-2).
To conﬁrm that the transgenic lines are of the expected
genotypes, we selectively ampliﬁed the transgenic copy of at-
TOC33 in each case, and sequenced the resultant PCR prod-
ucts. All transformants were found to carry the appropriate
S181 mutation upon sequencing. At the same time, we alsoFig. 1. Immunoblot analysis of atToc33 expression in the S181 mutant
transgenic lines. Equal total-protein samples (20 lg each) isolated from
10-day-old, in vitro-grown plants of the indicated genotypes were
separated by SDS–PAGE and used to produce blots. Each blot was cut
into two parts and then probed with an atToc33-speciﬁc antibody
(lower part), as well as a Tic110 antibody (upper part) to control
sample loading [25]. Transgenic plants were homozygous and of the T3
generation.conducted a PCR test for the presence of the ppi1 T-DNA
insertion, and in each case the mutation was found to be pres-
ent (data not shown).
3.2. Characterization of the S181 mutant transgenic lines
Having established that the transformants were of the
required genotypes, homozygous lines were identiﬁed in subse-
quent generations by further plating on gentamycin-
containing medium, and these were then characterized inFig. 2. Phenotypes of the S181 mutant transgenic lines. (A) Chloro-
phyll concentrations (nmol chlorophyll a + b per mg fresh weight) in
10-day-old, in vitro-grown T3-generation plants, and in wild-type and
ppi1 control plants, were determined photometrically as described
previously [25,26]. Values shown are means (±S.D.) derived from six
independent samples, each one containing 10 plants. (B) Plants of the
indicated genotypes were grown side-by-side, in vitro, for seven days,
and then photographed. (C) As (B), except that the plants were grown
in vitro for 10 days, and then transferred to soil for a further 18 days of
growth prior to photography. Representative plants are shown in both
(B) and (C).
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immunoblotting. As shown in Fig. 1, all of the lines displayed
restored atToc33 expression. With the obvious exception of
S181D-2, which carries two T-DNA loci (Table 1), all of the
transgenic lines displayed levels of expression similar to the
wild type. Slight increases in expression in some of the lines
(e.g., S181A-2 or S181E-2) are most likely the result of geno-
mic position eﬀects, or proximity to the strong cauliﬂower mo-
saic virus 35S promoter used to drive expression of the
gentamycin resistance marker, aacC1 [27].
The most obvious phenotype of the ppi1 mutant is its pale,
chlorotic appearance, caused by substantial chlorophyll deﬁ-
ciency [20]. We therefore assessed complementation of ppi1
by measuring the chlorophyll content of the transformed
plants. As shown in Fig. 2A, 10-day-old transgenic ppi1 plants
contained approximately the same concentration of chloro-
phyll as untransformed wild-type plants (on average, the
S181 mutants diﬀered from the wild type by <10%), and sub-
stantially more chlorophyll than untransformed ppi1 (which
contained 28% of the wild-type concentration). Slight varia-
tions in chlorophyll concentration observed between the linesFig. 3. Analysis of chloroplast ultrastructure in the S181 mutant transgenic l
in vitro-grown plants of the indicated genotypes (wild-type, ppi1, S181A-2, S
by electron microscopy. At least 10 whole-chloroplast micrographs from
chloroplasts per genotype) were analysed carefully, and used to select the rep
high-magniﬁcation images of the thylakoid membranes of the genotypes sho
chloroplast in each of the micrographs described in (A) was measured. These v
the formula: p · 0.25 · length · width), shown in the left chart, and chloropla
are means (±S.E.) derived from measurements of between 34 and 62 diﬀerendid not correlate with genotype (at residue 181) or atToc33
protein abundance (Fig. 1). The high chlorophyll content of
the 10-day-old S181 mutant plants was reﬂected in their nor-
mal, green appearance (data not shown), which was also
apparent during earlier (Fig. 2B) and later (Fig. 2C) stages
of development. Additionally, the transgenic ppi1 plants were
approximately the same size as wild-type plants, and reached
various developmental milestones at about the same time as
the wild type (Fig. 2B and C). The increased severity of the
ppi1 phenotype reported here (Fig. 2B and C), as compared
with that reported previously [20], simply reﬂects the diﬀerent
growth conditions employed.
3.3. Chloroplast ultrastructure in the S181 mutant transgenic
lines
The data presented in Fig. 2 demonstrated that the three mu-
tant atToc33 proteins are able to complement the ppi1 pheno-
type eﬃciently at the gross, whole-plant level. However, the
possibility remained that defects would be observed in the
transgenic lines at the organellar or molecular levels. To ad-
dress the ﬁrst of these possibilities, we analysed the chloroplastsines. (A) Mid-lamina cross-sections of primary leaves from 10-day-old,
181D-6 and S181E-3), and of S181E-2 (data not shown), were analysed
each of three independent plants per genotype (a minimum of 30
resentative images shown. Size bar indicates 1.0 lm. (B) Representative
wn in (A). Size bar indicates 0.5 lm. (C) The length and width of each
alues were then used to estimate chloroplast cross-sectional area (using
st shape (the length/width ratio), shown in the right chart. Values shown
t chloroplasts per genotype.
Fig. 4. Protein import into isolated S181 mutant chloroplasts. (A)
Chloroplasts were isolated from 14-day-old, in vitro-grown plants of
the indicated genotypes, and used in protein import assays with [35S]-
methionine-labelled preSSU. Import was allowed to proceed for 3, 6
and 10 min, as indicated, and then the samples were analysed by SDS–
PAGE and ﬂuorography. TM indicates an aliquot of the preSSU
translation mixture equivalent to 10% of the amount added to each
import assay; p and m indicate the precursor and mature forms of the
radiolabelled protein, respectively. (B) The mature protein bands
observed in (A) were quantiﬁed using ImageQuant software, and the
data obtained were used to calculate the amount of protein imported
as a proportion of the total amount added to each reaction. These
data, together with those from two additional, similar experiments,
were used to calculate the mean (±S.E.) values shown.
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and S181E-3) by electron microscopy, alongside wild-type
and ppi1 mutant controls. In each case, at least 30 diﬀerent
chloroplasts, derived from three diﬀerent plants, were analysed.
While ppi1 mutant chloroplasts were substantially smaller than
wild-type chloroplasts and had underdeveloped thylakoid
membrane systems, as has been reported previously [20], none
of the transgenic lines had chloroplasts that were signiﬁcantly
diﬀerent from those in the wild type (Fig. 3A, data not shown).
To corroborate this conclusion, we made chloroplast length
and width measurements using each one of the micrographs,
and used the data to estimate chloroplast cross-sectional area
and chloroplast shape for each genotype. As shown in
Fig. 3C, all four transgenic lines contained chloroplasts of
approximately the same size and shape as wild-type chloro-
plasts. While ppi1 chloroplasts were much smaller than those
in the wild type (average cross-sectional area was 44% of
the wild-type value), they nevertheless retained a normal shape
(Fig. 3C). Higher magniﬁcation images of the thylakoid mem-
branes also failed to reveal signiﬁcant diﬀerences between the
S181 mutant lines and wild type, even though signiﬁcant struc-
tural defects were clearly apparent in untransformed ppi1
(Fig. 3B).
3.4. Chloroplast protein import in the S181 mutant transgenic
lines
Complete knockout of atToc33, caused by the ppi1 muta-
tion, was previously shown to cause strong defects in the im-
port of a subset of preproteins (i.e., those involved in
photosynthetic processes) [23]. To assess the eﬀects of the
S181 mutations, we measured the eﬃciency of protein import
into chloroplasts isolated from three selected transgenic ppi1
lines (S181A-2, S181D-6 and S181E-3), as well as from wild-
type and ppi1 control plants. For these studies, we employed
the precursor of the small subunit of Rubisco (preSSU). The
rate of preSSU import into ppi1 chloroplasts was 46% slower
than the rate of import into wild-type chloroplasts (Fig. 4),
correlating well with previously published data [23]. By con-
trast, the rate of import into the various S181 mutant chloro-
plasts diﬀered from the wild-type rate by an average of less
than 5% (Fig. 4). These data, together with those presented
in Figs. 2 and 3, strongly suggest that, under normal develop-
mental conditions, none of the S181 mutations strongly aﬀects
in vivo functionality of the atToc33 protein.
The lack of any signiﬁcant eﬀect of the S181D and S181E
mutations can be interpreted in two diﬀerent ways. The ﬁrst
and most obvious interpretation is that atToc33 phosphoryla-
tion does not play an important role in vivo. Thus, while the
S181D and S181E mutations may eﬀectively mimic the phos-
phorylation of serine 181, no phenotypic consequences are
observed. An alternative interpretation is that phosphorylation
site Sﬁ D and Sﬁ E mutations do not properly mimic phos-
phoserine in the context of the atToc33 protein, in contrast
with the situation in other proteins [29–31]. Although we are
not able to conclusively diﬀerentiate between these two possi-
bilities, in the absence of in vitro data on the eﬀects of S181D
and S181E, the S181A data presented here and previously are
supportive of the former interpretation. The S181A mutation
was previously shown to abolish atToc33 phosphorylation
[21], and so one can conclude that this mutant is not subject
to regulation by phosphorylation in vivo. Although phosphor-
ylation is proposed to have a negative eﬀect on atToc33 activ-ity, the existence of such a regulatory mechanism would imply
that the ability to limit the protein’s function under certain cir-
cumstances actually improves ﬁtness. However, we observed
no eﬀects of the S181A mutation, clearly showing that this reg-
ulatory circuit does not play an essential role under the condi-
tions tested.
3.5. Light stress tolerance in the S181 mutant transgenic lines
In a ﬁnal attempt to provide evidence of an in vivo role for the
S181 phosphorylation site, we subjected selected mutant trans-
genic lines (S181A-2, S181A-4, S181D-5, S181D-6, S181E-2
and S181E-3), and control plants, to light stress. At the end of
the light stress treatment, its consequences were assessed by
measuring the chlorophyll concentration in the plants, and
by comparing the values obtained with those derived from
non-stressed plants grown in parallel. Over three independent
experiments, chlorophyll levels in stressed wild-type plants were
25% lower than those in the control wild-type plants, whereas
chlorophyll levels in stressed ppi1 plants were 56% lower than
those in the control ppi1 plants (Fig. 5). These data indicate that
the ppi1 mutant is substantially less tolerant of light stress than
the wild type. Similar chlorophyll concentration diﬀerential
(light stress tolerance) values were calculated for each one of
the S181 mutant lines examined. While the mean chlorophyll
diﬀerential value for ppi1 was signiﬁcantly diﬀerent from the
wild-type value, as revealed by a Student’s two-sample t-test
Fig. 5. Light-stress tolerance of the S181 mutant transgenic lines.
Plants of the indicated genotypes were subjected to light stress
treatment (see Section 2). Control plants were grown in parallel, under
identical conditions, except that they were not subjected to the light
stress treatment. At the end of the treatments, chlorophyll concentra-
tions in stressed and non-stressed plants were determined photomet-
rically [25,26]. The data shown indicate the chlorophyll concentration
(nmol chlorophyll a + b per mg fresh weight) in the stressed plants,
expressed as a percentage of that present in the non-stressed plants of
the same genotype. Values are means (±S.E.) derived from three
independent experiments. In each experiment, up to four chlorophyll
samples were measured per genotype, each one containing 10–25 whole
plants.
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ferent from the wild-type value (P > 0.05 in each case). In other
words, each one of the S181mutant lines tested displayed signif-
icant complementation of the ppi1 light stress sensitivity pheno-
type, as illustrated in Fig. 5.4. Conclusions
We have addressed the functional signiﬁcance of atToc33
phosphorylation by testing the ability of three diﬀerent mutant
atTOC33 transgenes (S181A, S181D and S181E) to comple-
ment the ppi1 (atToc33 knockout) mutant phenotype. In re-
spect of all criteria investigated (overall plant growth and
development, chlorophyll concentration, chloroplast ultra-
structure, chloroplast protein import eﬃciency, and light stress
tolerance), each one of the mutant transgenes was able to com-
plement ppi1 eﬃciently. The data therefore indicate that the
phosphorylation of atToc33 at serine 181 does not play an
essential role in vivo. While it is possible that blocking the
phosphorylation of residue 181 (in the S181A mutant) leads
to the phosphorylation of atToc33 at alternative sites, this
seems unlikely given that previous studies on the phosphoryla-
tion of both atToc33 and psToc34 did not reveal any evidence
of alternative phosphorylation sites [13,21]. This explanation
also does not account for the lack of any eﬀect of the S181D
and S181E mutations, which mimic phosphorylation and so
would be predicted to lock atToc33 in the inactive, GTP-free
form. The reason for the discrepancy between our in vivo data
and the previously published in vitro data, indicating an
important role for atToc33/psToc34 phosphorylation
[13,15,21], is unclear. Other studies have shown that thein vivo situation is considerably more permissive than the
unavoidably artiﬁcial in vitro situation [32,33], and so one pos-
sible explanation is that the plant cell simply ﬁnds ways to
accommodate and eliminate the eﬀects of the mutations. Thus,
while the data presented here do not indicate that the existing
in vitro data are incorrect, per se, they do suggest that care
should be taken when interpreting the results of in vitro exper-
iments, since it is clear that processes which seem essential in a
simpliﬁed experimental environment need not necessarily be so
in the considerably more complex, intact cell or organism.
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